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Introduction
Energy crisis and environmental remediation are the two most important issues that need to be resolved for living beings and the society. The sun irradiates 1.5 Â 10 18 kW h energy to earth every year, which is approximately 28 000 times of the total annual energy consumption. 1 Hence, semiconductor photocatalysis seems to be more attractive and easier to apply for clean energy production and environmental remediation. [2] [3] [4] The photocatalytic activities of a semiconductive material depend on several factors such as absorption ability of photocatalysts, separation and transport rate of the photogenerated electrons and holes, and photoabsorption ability in the available light energy region. Titanium dioxide (TiO 2 ) is one of the most explored and traditional semiconductor photocatalysts. 5 It has a strong oxidizing power, high stability, low-cost, an abundant source, and is relatively non-toxic. [6] [7] [8] [9] [10] However, TiO 2 responds only to UV light, which is only 3-5% of the total sunlight. 11 The band gap of TiO 2 is 3.0 and 3.2 eV for the rutile and anatase phases, respectively, which is not compatible with visible-light excitation. 12 Since the electron-hole recombination rate is faster, it is mainly responsible for its limited application in catalysis. 13 Therefore, it is necessary to overcome this drawback by charge separation via suppressing the recombination rate of the electron and hole pairs.
MoS 2 has drawn extensive attention because of its layered structure, similar to that of graphene. Each layer is composed of three atomic layers stacked together, in which Mo atom in the middle is strongly bonded to S atoms present above and below. 14, 15 This two-dimensional (2D)-layered crystal structure provides convenient electron transfer and many active sites for sunlight absorption. The band gap of MoS 2 increases with the decreasing number of layers due to quantum connement effect. The direct band gap of $1.8 eV makes it a visible-light active photocatalyst. 16, 17 The advantages of MoS 2 include strong oxidizing activity, high hardness, high stability and reliability, low-cost, and non-toxicity. and 24 h, and they found that the light absorption range for the photocatalytic H 2 production was enhanced. 40 As is well-known, coupling of two semiconductors with narrow and wide band gaps could extend the solar spectrum for light utilization. Therefore, it is necessary to couple two semiconductors with matched energy levels to enhance the photocatalytic activity under visible-light irradiation through interfacial charge transfer between MoS 2 and TiO 2 nanosheets. 41 Herein, the layered MoS 2 and MoS 2 /TiO 2 nanosheets were synthesized by a hydrothermal method. The effects of TiO 2 concentration on the formation of the nanosheets were investigated. The photocatalytic activity of the synthesized materials was characterized by quantifying the rate of methylene blue (MB) degradation in an aqueous suspension under visible-light irradiation. MoS 2 /TiO 2 nanocomposite photocatalyst exhibited enhanced light absorption capacity as compared to pure MoS 2 and TiO 2 photocatalysts. Kinetics, electron trapping, and possible photocatalytic mechanism were studied. were purchased from Wako chemicals (Japan) and used without further purication.
Experimental

Synthesis of 2D-layered MoS 2 nanostructures
2D-layered MoS 2 nanosheets were prepared by a hydrothermal method similar to a previous report. 42 In a typical synthesis, 0.04 M of sodium molybdate dihydrate, 0.08 M of thioacetamide, and 0.04 M of citric acid were dissolved in 50 mL of deionized water under vigorous stirring for 4 h. The transparent aqueous solution was transferred into a 100 mL stainless steel autoclave and maintained at 180 C for 24 h. The nal product was obtained from the autoclave through centrifuging thrice with deionized water and ethanol and drying at 80 C for 10 h.
The sample was labelled as S1. 
Synthesis of layered MoS
Photocatalytic dye degradation
Photocatalytic degradation of methylene blue (MB) was carried out under visible-light irradiation. The optical absorption of MB at 664 nm was used as a monitor wavelength of photodegradation. Then, 5 mg of MB was added to 100 mL of aqueous solution and stirred for 30 min. Aer this, 50 mg of MoS 2 and MoS 2 /TiO 2 photocatalysts were separately added to the abovementioned solution. To establish absorption/desorption equilibrium, the mixed solution was stirred for 30 min in the dark before the photodegradation reaction. The xenon lamp as a visible light source was placed 15 cm away from the surface of the solution. The dye degradation surveys were conducted at the interval of 4 min, and the catalyst was isolated via centrifugation. The photodegradation percentage of MB was calculated using the following equation:
where C 0 and C t are the concentrations of MB at time 0 and t (s), respectively, and t is the irradiation time.
Characterization
The structure of the product was characterized by powder X-ray diffraction (XRD) using a Rigaku diffractometer (RINT ULTIMA -2200, Japan, Cu Ka radiation). X-ray photoelectron spectroscopy (XPS) was performed via a Kratos analytical instrument (Shimadzu Corporation, ESCA 3400, Japan). Surface morphologies were characterized by eld-emission scanning electron microscopy (FESEM) using a JEOL JSM 7001F microscope at an accelerating voltage of 15 kV. Transmission electron microscopy (TEM) images were obtained using a JEOL JEM 2100F microscope at an accelerating voltage of 200 kV. UVvisible spectroscopy (JASCO V -670) was used to detect the absorbance of the MB dye degradation. Fig. 3 . Herein, two symmetric peaks appeared for Mo 3d state, as shown in Fig. 3(a1-a6) . The peaks centered at 228.30 and 231.45 eV (S1) can be attributed to the Mo 3d 5/2 and Mo 3d 3/2 states, respectively, indicating a +4 oxidation state. 44 The energy separation between the Mo 3d 5/2 and Mo 3d 3/2 states was 3.1 eV, which was in good agreement with the standard value. 45 The binding energies of the sample S2 were shied to 227.80 and 231 eV from 228.30 and 231.45 eV of pure MoS 2 , respectively. On further increasing the concentration of TiO 2 , the peaks shied to 227.90 and 231 eV for the sample S3, 227.55 and 230.80 eV for the sample S4, 227.55 and 230.80 eV for the sample S5, and 227.5 and 230.80 eV for the sample S6. The samples showed signicant peak shi because of strong interaction between Mo and Ti. The S 2p spectra, as shown in Fig. 3(b1-b6) , can be deconvoluted into two peaks located at 161 and 162.05 eV, which can be attributed to the S 2p 3/2 and S 2p 1/2 orbitals of divalent sulde ions (S 2À ). The energy separation between S 2p 3/2 and S 2p 1/2 was 1.1 eV, which was in good agreement with the reported value. 46 The binding energies shied to 160.50 and 161.72 for the sample S2, 160.75 and 161.95 for the sample S3, 160.52 and 161.70 for the sample S4, and 160.52 and 161.70 for the sample S5. Moreover, for the samples S4 (a4, b4), S5 (a5, b5), and S6 (a6, b6), binding energies of Mo 3d 5/2 , Mo 3d 3/2 , S 2p 3/2 , and S 2p 1/2 were shied about 0.20 eV when compared with those of the samples S2 (a2) and S3 (a3). This slight shi was attributed to the strong interaction between MoS 2 and TiO 2 . Fig. 3(c1-c5) shows the Ti 3p state with the peak centered at 37 eV. There was no signicant peak shi observed in the Ti 3p state. O 1s states of the samples are shown in Fig. 3(d1-d5) . All the samples exhibited an asymmetrical shape and two symmetrical peaks centered at 530.85 eV and 532.50 eV, indicating two different types of O species in the samples. The binding energy of 530.85 eV corresponded to O 2À ions surrounded by Ti in the TiO 2 compound system. The shoulder peak observed at 532.50 eV corresponded to the chemisorbed oxygen, dissociated oxygen, or OH À groups on the surface. Similar shi in the peaks was observed as the concentration of TiO 2 was increased, 530.60 eV for sample S3, 530 eV for sample S4, 530 eV for sample S5, and 530 eV for sample S6. O 1s binding energy of the abovementioned samples was shied about 0.20 eV when compared with those of the samples S1 (d1) and S2 (d2). The XPS measurement conrmed the presence of TiO 2 in the prepared nanocomposites. The morphological analysis was performed using FESEM, TEM, and HRTEM, as shown in Fig. 4 . Fig. 4(a) shows the monodispersed pure MoS 2 (S1) nanosheets with a layered structure. The thickness of each layer was about 20-50 nm. When TiO 2 was incorporated into the MoS 2 nanosheets, TiO 2 agglomerated on the surface of the nanosheets. This was evident from the FESEM images of S4 (j), S5 (m), and S6 (p). This agglomeration was attributed to the increased ionic strength of the TiO 2 nanoparticles. The layered structure of the sample was further characterized by TEM and HRTEM, as shown in Fig. 4(b) and (c). MoS 2 nanosheets had 5-9 layers and the lattice d-spacing was 0.61 nm, which corresponded to the (002) plane. Fig. 4(d)-(f) show the FESEM, TEM, and HRTEM images of the MoS 2 /TiO 2 nanocomposites of the S2 sample, respectively. In the HRTEM images (f, i, l, o, and r), white dashed line corresponded to the MoS 2 -layered nanosheets and white squared dot line indicated the TiO 2 nanosheets. When the concentration of TiO 2 was increased from 0.0015 to 0.015 M, formation of TiO 2 nanosheets was observed in the samples S2 to S6. Nanocomposites were composed of MoS 2 and TiO 2 , as shown in Fig. 4 . It can be concluded from XPS and TEM analysis that the layered MoS 2 nanosheets and TiO 2 were formed as composites.
Results and discussion
Photocatalytic activity
Photocatalytic performances of MoS 2 and MoS 2 /TiO 2 photocatalyst were examined by degrading MB under visible-light irradiation. The characteristic absorption peak of MB at 664 nm was chosen to monitor the photocatalytic degradation of MB. Fig. 5 shows the time-dependent absorption spectra of pure MoS 2 (S1) and MoS 2 /TiO 2 (S2-S6). The intensity of the absorption peak at 664 nm rapidly decreased with illumination time and the peak almost disappeared aer 32 min for sample S1. However, for S2, S3, S4, S5, and S6 samples, irradiation time was decreased to 20, 16, 12, 24, and 28 min, respectively. Fig. 6 shows that the percentage of degradation for the samples S1, S2, S3, S4, S5, S6, and P25 ( To understand the role of photocatalytic activity, free radical trapping experiments were carried out, as shown in Fig. 7 . In general, during photocatalysis, hydroxyl radicals (cOH) and superoxide anions (O 2 À c) are the possible reactive species for the degradation of organic pollutants. Disodium ethylenediaminetetraacetate (EDTA-2Na) and N 2 were used as a hole (h + ) and electron acceptor scavenger, respectively. 47, 48 A high purity N 2 gas was continuously purged throughout the reaction process under ambient conditions, which eliminated the dissolved oxygen from the reaction solution and thereby prevented the formation of O 2 À c. The degradation percentage of MB was 88.39% aer 12 min irradiation as compared 99.33% in the scavenger-free photocatalyst. This conformed that superoxide anions played a minor role in the photocatalytic degradation of organic pollutants. To further determine the degradation mechanism, EDTA was added into the solution as a cOH radical scavenger. The dye degradation was 72.90%, which indicated suppression of the MB degradation rate. This result conrmed that the photoinduced holes (h + ) were one of the main reactive species for the degradation of MB. Therefore, these results clearly determined that MB degradation mainly depended on the photogenerated cOH radical. The possible reason for dye degradation by MoS 2 /TiO 2 as a photocatalyst was that superoxide anion radical had the potential to directly react via oxidative pathways. It can also produce singlet oxygen or decompose to H 2 O 2 , and transform to hydroxyl radical during MoS 2 /TiO 2 photocatalysis process. [49] [50] [51] This process was explained in the dye degradation mechanism of MB under visible-light irradiation. These results suggested that the rate of photocatalytic degradation of MB was suppressed in the presence of EDTA as a hole (h + ) scavenger. Moreover, the reactive species of superoxide anions (O 2 À c) played a minor role in the degradation of MB. The obtained results indicated that the rate of photocatalytic degradation not only depended on organics but also on the nature of the catalysts. Fig. 8 shows the kinetic plot of ln(C 0 /C t ) versus irradiation time to investigate whether the process obeyed pseudo-rst-order model. A linear correlation existed between ln(C 0 /C t ) versus irradiation time. The kinetic data was obtained by the pseudo-rst order model. Table 2 . Based on the abovementioned results, we proposed the possible photocatalytic mechanism for the degradation of MB using MoS 2 /TiO 2 as photocatalysts:
As shown in Fig. 9 , the reusability of the sample S4 photocatalyst for the degradation of methylene blue was studied over four cycles under visible-light irradiation. The dye concentration was adjusted each time to its initial value. Photocatalysts were reused for four cycles and the obtained degradation values were 95.18, 92.80, 86.66, and 83.15. The efficiency of the sample S4 did not signicantly decline, which suggested that the catalyst had good stability and sustainability. (Fig. S1, ESI †) shows the XRD patterns of the sample S4 aer ve runs. It can be clearly seen that the phase and structure of the sample S4 remained the same. In addition, the chemical state of Mo 3d, S 2p, Ti 3p, and O 1s were investigated by XPS spectra, as shown in (Fig. S2, ESI †) . It suggested that the binding energies of Mo, S, Ti, and O showed no peak shi aer four cycles as compared to those of the as-prepared sample.
The schematic (Fig. 10 ) illustrates the energy band structure and charge transfer mechanism. MoS 2 is a narrow band gap (1.9 eV) semiconductor with a work function of 4.52 eV, whereas anatase TiO 2 is a wide band gap (3.2 eV) semiconductor with a work function of 4.5 eV. 
